We have investigated patterns of evolution in the nonrecombining portion of the Y chromosome in mice by comparing levels of polymorphism within Mus domesticus with levels of divergence between M. domesticus and A4. spretus. A 1,277-bp fragment of noncoding sequence flanking the sex determining locus (Sry) was PCR amplified, and 1,063 bases were sequenced and compared among 20 M. domesticus and 1 A4. spretus. Two polymorphic base substitutions and two polymorphic insertion/deletion sites were identified within M. domesticus; nucleotide diversity was estimated to be 0.1%. Divergence between M. domesticus and M. spretus for this region ( 1.9%) was slightly lower than the average divergence of single-copy nuclear DNA for these species. Comparison of levels of polymorphism and divergence at Sry with levels of polymorphism and divergence in the mitochondrial DNA control region provided no evidence of a departure from the expectations of neutral molecular evolution. These findings are consistent with the presumed lack of function for much of the Y chromosome.
Introduction
A longstanding concern in population genetics has been to understand the relative importance of selective forces in determining the amount and distribution of genetic variation in nature (e.g., see Lewontin 1974; Kreitman 199 1) . Ideally we would like to know whether variation that we observe is affected mainly by neutral processes, such as drift, or whether it is under selection. If selection is acting, is it chiefly balancing selection or directional selection? One recently adopted approach to this problem has been to compare levels of polymorphism within a species with levels of divergence between closely related species, for different gene regions (Kreitman and Aguade 1986; Hudson et al. 1987) . The neutral expectation is that the ratio of polymorphism to divergence will be the same for different gene regions, since both are a function of the neutral mutation rate. Selection, in contrast, will lead to an uncoupling of polymorphism and divergence. Directional selection will reduce polymorphism relative to divergence, and balancing selection will have the opposite effect.
Selection on a particular mutation has the potential to affect polymorphism at linked neutral sites. For example, as an advantageous mutation moves toward fix-ation in a population, it will tend to "drag along" nearby neutral mutants in a process known as "genetic hitchhiking" (Maynard Smith and Haigh 1974; Kaplan et al. 1989 ). The extent of this effect is determined by the amount of recombination in a region and by the strength of selection. In a chromosomal region with high recombination rates, most neutral mutants may recombine off the allele containing the advantageous mutant. Conversely, in a region with little recombination, a selective sweep may affect a large segment of a chromosome. A selective sweep in a region with no recombination will result in the fixation of a single haplotype in a population. In the aftermath of such an event, DNA variability will only slowly build back up, since the population can gain polymorphisms only through mutation.
One important consequence of genetic hitchhiking is that it provides a powerful way to detect selection at a distance, particularly in regions of little or no recombination. In the extreme case of no recombination, selection acting on any part of a chromosome will affect the entire chromosome. By measuring DNA polymorphism and divergence in a region of low recombination and comparing it to polymorphism and divergence from another (preferably neutral) region, we may be able to disentangle the effects of selection and drift. This rationale has motivated surveys of DNA variability in regions of low recombination within and between species of Drosophila (Begun and Aquadro 199 1; Berry et al. 199 1; Martin-Campos et al. 1992; Langley et al. 1993) . In these studies, reduced polymorphism within D. melanogaster, Gubbay et al. ( 1992) . Only a portion of the inverted repeat is depicted. The HMG box lies within the presumed coding region of Sry (Gubbay et al. 1990 ) and corresponds to a DNA-binding domain. Small arrows represent the position of amplification primers for PCR in this study. The amplified region does not lie in an open reading frame, and it contains a hypervariable CA repeat.
relative to divergence between D. melanogaster and D. simulans, was observed, consistent with the hypothesis that adaptive fixations have eliminated variation in these regions.
We have adopted a similar approach to study patterns of genetic variation on the Y chromosome in mice. Recombination is entirely absent on most of the Y chromosome; an advantageous mutation that arises anywhere should therefore affect the entire chromosome. Here we report on DNA variability in a noncoding portion of the Sry locus within Mus domesticus and between A4. domesticus and M. spretus. We have also compared levels of polymorphism and divergence at S-y with levels of polymorphism and divergence for these same species in the mitochondrial DNA (mtDNA) control region.
Material and Methods

Specimens
Twenty male Mus domesticus and one male A4. spretus were surveyed. Mus domesticus were wild-caught in western Europe, and the single A4. spretus was obtained from the Jackson Laboratory (Bar Harbor, Maine). The original collecting localities, numbers of individuals, and specimen ID numbers for the M. domesticus are given in table 1. All specimens were deposited into the collections of the Museum of Zoology at The University of Michigan.
DNA Preparation
Genomic DNA was prepared from frozen spleen or liver tissue according to the method of Sambrook et al. ( 1989) , with modifications. Tissues were ground in liquid nitrogen, and the resulting powder was suspended in 10 ml of extraction buffer ( 10 mM Tris pH 8.0, 100 mM ethylene diaminetetraacetate, 0.5% sodium dodecyl sulfate, 20 pg RNAse/ml) and incubated at 55°C for 1 h. Proteinase K ( 100 pg/ml) was added, and the solution was incubated for up to 12 h at 55°C and was extracted three times with phenol/chloroform. DNA was ethanol precipitated, dried, and resuspended in Trisethylenediaminetetraacetate (pH 8.0) to a final concentration of 500 mg/ml.
Polymerase Chain Reaction (PCR) Amplification
Amplification of double-stranded DNA was performed using the polymerase chain reaction (Saiki et al. 1986 (Saiki et al. , 1988 . A 1,277-bp fragment upstream from the HMG box (a conserved domain within the presumed coding region; Gubbay et al. 1990) of Sry was amplified ( fig. 1 ). The presumed coding region of Sry lies within a single-copy region flanked by a large inverted repeat that is known to predate the divergence of M. domesticus and M. muscuhs (Gubbay et al. 1992) . One PCR primer was positioned within the repeat, and one was positioned in the single-copy region that the repeat surrounds ( fig.  1 ) . Primer sequences were designed from the published sequence of this region (Gubbay et al. 1992) . Forward (F) and reverse (R) primers were numbered so that the 3' base in each primer corresponds to the position of that base in the sequence of Gubbay et al. ( 1992) : F6685 (5' -CTTAAAGAAACTGTTGCAGGGG -3' ) and R7920 ( 5 ' -TTTGAAGCCATCTCATGAACC-3 ') . An 1 , 1 00-bp fragment encompassing the mtDNA control region was also amplified. mtDNA amplification primers were based on the "universal" primers of Kocher et al. ( 1989 ) and were slightly modified to correspond to the mouse mitochondrial sequence (Bibb et al. 198 1) . The letters in the primer designations that follow correspond to the light (L) or heavy (H) strand of mtDNA, and the numbers correspond to the position of the 3' base of each primer in the sequence reported by Bibb et al. ( 198 ') and HO0072 ( 5 '-ATTAATTATAA-GGCCAGGACCAAACCT-3 ') . DNA for both regions was amplified using 35 thermal cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. Taq polymerase ( Perkin Elmer Cetus) was used in a lOO-l.tl reaction volume with conditions as specified by the supplier, and the reaction mixture was overlayed with mineral oil. After the reaction, oil was removed using a chloroform extraction, and the double-stranded PCR product was precipitated with 33 l.tl of ammonium acetate ( 10 M ) and 133 ~1 of 100% cold ethanol, was washed once in 80% ethanol, and was resuspended in 15 l_tl of ddH20 for direct double-stranded sequencing.
DNA Sequencing
Direct sequencing of double-stranded PCR products was done by using the dideoxy chain termination method (Sanger et al. 1977) with Sequenase 2 enzyme and kit (USB) according to the protocol supplied by the manufacturer, with slight modifications. The sequencing primer was annealed to template DNA (annealing step of Sequenase protocol) by heating it at 100°C for 3 min, freezing it directly in a dry-ice/ethanol bath, and allowing it to thaw in the presence of enzyme and elongation reagents. Both strands were sequenced in all individuals. At Sry, 1,103 bases were sequenced, beginning at position 6801 in the sequence reported by Gubbay et al. ( 1992) . In the mtDNA control region, 893 bases were sequenced, beginning at position 15352 in the sequence reported by Bibb et al. ( 198 1) . mtDNA sequence for 10 of the 20 M. domesticus was previously published as part of a larger survey of mtDNA variation (Nachman et al. 1994 ).
Data Analysis
Sequences were aligned by hand, the numbers and frequencies of all polymorphic sites were counted, and nucleotide diversity (n;) was calculated (Nei and Li 1979) . The Hudson et al. ( 1987) test of neutral molecular evolution (HKA test) was used to compare levels of polymorphism and divergence between Sry and the mtDNA control region. Because both. gene regions are effectively hemizygous and transmitted through only one sex, each is present in one-fourth as many copies as is a typical diploid locus. Consequently they are directly comparable using an HKA test under the assumption that mtDNA heteroplasmy is negligible and that effective population sizes are equal among males and females. If the effective population size is smaller for males than for females, the ratio of polymorphism to divergence at Srv is expected to be smaller than the corresponding ratio for mtDNA, and the resulting test will be biased toward reiection of the null hvpothesis. For the Srv re-Y-Chromosome Evolution in Mice 541 gion, 1,063 bases were comparable between species for the HKA test (i.e., excluding deletions in either species); and, for the mtDNA control region, 887 bases were comparable between species. Polymorphism for the HKA test is based on the number of segregating sites, and divergence is based on the nucleotide differences between randomly chosen alleles from each species (Hudson et al. 1987) . Both the randomly chosen allele for Sry and that for the mtDNA control region for M. domesticus were from individual 1125 (in table 1 and figs. 2 and 3).
Results
23-y Gene Region
The polymorphisms observed at Sry are shown in table 2, and the complete sequences for Mus domesticus and M. spretus are shown in figure 2. Only two base substitutions were observed within M. domesticus. One was a singleton, and the other was present in 4 of 20 individuals.
n was 0.00 1. Two insertion /deletion polymorphic sites were also observed. One was a 19-bp deletion in three individuals. The other involved a region of CA dinucleotide repeats that varied in length. Nine different lengths for this CA repeat were observed among the 20 individuals, suggesting that the mutation rate for length changes is very high in this region. When base substitutions alone were considered, three haplotypes were present among the 20 individuals.
When length variants were included, 11 haplotypes were observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-........... 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..G.......---------------- Three base substitutions and one length difference were observed between M. domesticus (mouse 1125) and the published sequence reported by Gubbay et al. ( 1992) ) which was cloned from a laboratory mouse with a M. musculus Y chromosome.
At position 7656 we observed a T instead of a G, at position 7768 we observed a T instead of a G, and at position 7728 we observed an A instead of a C. The average level of divergence between A4. musculus and each of the M. domesticus sequences was 0.27%. The length difference between M. domesticus and the M. musculus sequence reported by Gubbay et al. ( 1992) was due to a difference in copy number in the CA repeat ( . . . . . . . . . . . ATTA..................................A.............................._._..._...T....... --TA.............G.-..T.......G.C......T.T.A..C.......................................C........... (Nachman et al., in press) , and M. domesticus. Another possible alignment of this region has two length differences instead of one and has 6 base substitutions instead of 10. This alternative alignment was also used to calculate differences for the HKA test; none of our conclusions are affected by this alternative alignment. ation in this region within M. domesticus has been described in detail elsewhere ( Prager et al. 1993; Nachman et al. 1994 ).
Statistical Tests of Neutrality
A summary of polymorphism and divergence for these two regions is presented in table 4. The polymorphism: divergence ratio for mtDNA is roughly 1: 3, while the corresponding ratio for Sry is 1: 10. While there appears to be a reduction in polymorphism at Sry relative to mtDNA, these differences are not significant when either the HKA test (HKA test statistic = 1.845; P > 0.10) or a Fisher' s exact test (P > 0.05 ) is used. If we restrict the analysis to the 14 mice that are from central and southern Italy, there is one polymorphic site at Sry and there are 11 polymorphic sites in the mtDNA control region. This geographically localized sample does not allow us to reject the null hypothesis of neutral molecular evolution (HKA test statistic = 1.265; P > 0.10; Fisher' s exact test, P > 0.10). The same conclusions are obtained if the HKA tests are performed using the average number of differences between species (e.g., see Begun and Aquadro 199 1; Kreitman and Hudson 199 1 ) , rather than the differences between randomly chosen alleles from each species.
Discussion
The level of divergence that we have measured, at Sry, between Mus domesticus and M. spretus ( 1.9%) is slightly lower than the overall rate of divergence estimated in DNA-DNA hybridization studies of single-copy nuclear DNA for this same pair of species (approximately 3.0%; She et al. 1990 ). Likewise, we observe only 0.27% divergence, at Sry, between M. domesticus and the M. musculus sequence reported by Gubbay et al. ( 1992) ) compared with 1 .O% divergence for these species that is seen in DNA-DNA hybridization (She et al. 1990 ). This suggests that the neutral mutation rate for this region may be slightly lower than average. This is somewhat surprising in light of the expectation that male-driven molecular evolution may result in a higher mutation rate for Y-linked genes than for X-linked or autosomal genes (Shimmin et al. 1993 ) .
It is difficult to know whether the low level of divergence that we observed reflects some degree of functional constraint or is simply the result of evolutionary or sampling variance. The region that we sequenced is roughly 0.5 kb 5' to the presumed start codon for Sry and does not contain any open reading frames. However, the transcript for this gene has not yet been fully char- acterized, and so it is unclear whether the region that we surveyed is transcribed or necessary for transcription. The several observed deletions indicate that at least part of this sequence is nonessential.
Under neutrality, a lower mutation rate will result in a lower level of polymorphism and therefore make it more difficult to detect the effects of a selective sweep. Unfortunately, the power of the HKA test is not great in this situation. Given the number of bases surveyed and the amount of divergence observed, we can ask whether any observed number of segregating sites would have allowed us to reject the null hypothesis in an HKA test. If there had been no segregating sites in the 1,063-bp region, then the resulting HKA test would have rejected the null hypothesis (HKA test statistic = 4.376; P < 0.05). Conversely, we can ask whether a larger number of bases surveyed would have caused us to reject the null hypothesis, given the observed polymorphism: divergence ratios. If we had surveyed three times as many bases, we still would not have rejected the null hypothesis (HKA test statistic = 3.447; P > 0.05). Of course it is also possible that, with a larger number of bases surveyed, the polymorphism:divergence ratios for the two gene regions might have become more similar.
Although we found no statistical evidence of a departure from the expectations of a model of neutral molecular evolution, we did observe considerably different polymorphism:divergence ratios at Sry and at the mtDNA control region. The expectation that these ratios will be the same under neutrality holds only if these two loci have the same effective population size. Because the Y chromosome is transmitted through males and mtDNA is transmitted through females, these loci will have the same effective population size only if male and female effective population sizes are equal. If only a few males contribute a majority of the gametes to the next generation, then the effective population size will be smaller for males than for females. This difference would reduce variability on the Y chromosome in relation to other gene regions-and most drastically in relation to mtDNA.
While precise estimates of male and female effective population sizes are not available for natural populations of M. domesticus, studies using mice reared in the lab (DeFries and McClearn 1972) and in large outdoor population cages ( Lidicker 1976 ) provide evidence of a polygynous breeding system in which one or two dominant males may sometimes sire nearly all the young in a social group. These studies suggest that at least some difference in male and female effective population size is highly likely.
It is of interest that even a relatively modest difference in male and female effective population sizes could account for the different polymorphism: divergence ratios that we observe at Sry and mtDNA. If we use the observed polymorphism: divergence ratio at the mtDNA control region (20/ 55) and the observed level of divergence at Sry (20) to predict the expected level of polymorphism at Sry, under the assumptions of neutrality and equal male and female effective population sizes, we obtain ( 20 / 55 ) X 20 = 7.3 polymorphic sites expected at Sry. This is roughly four times more than observed ( 2). Thus, the contrasting polymorphism: divergence ratios observed at Sry and the mtDNA control region could be explained if male effective population size was approximately one-fourth that of females.
Given the potential for differences in male and female population size to bias the HKA test toward a rejection of the null hypothesis, it is interesting that we were unable to reject the neutral model. This suggests that there has not been a strong, recent selective sweep anywhere on the nonrecombining portion of the Y chromosome. It is possible, however, that the slight reduction in polymorphism at Sry is attributable to either an older adaptive fixation or a relatively slow fixation of a mutation with only a very slight selective advantage.
Two recent studies have documented interspecific patterns of synonymous and nonsynonymous substitutions at Sry in rodents (Tucker and Lundrigan 1993) and primates (Whitfield et al. 1993) . These studies reveal that the HMG domain of the gene shows low nonsynonymous : synonymous substitutions ratios but that outside this region, particularly 3' to the HMG box, there is an elevated rate of nonsynonymous substitution. Two different hypotheses have been proposed to explain this elevated rate of nonsynonymous substitution: these regions of the gene may be under little functional constraint or may be experiencing rapid adaptive evolution. If selection has acted recently on these regions, then the effects of selection in the form of reduced polymorphism will be detectable anywhere in the nonrecombining portion of the Y chromosome. The power to detect selection should be highest in a region of little functional constraint. Our survey of the 5' flanking region of Sry provides no evidence for a recent adaptive fixation within M. domesticus, anywhere on the nonrecombining portion of the Y. This suggests that the "little functional constraint" hypothesis may be a sufficient explanation for the patterns of amino acid divergence observed, in some portions of Sry, between species.
The absence of evidence for a recent adaptive fixation is consistent with several ideas concerning the evolution of sex chromosomes. Heteromorphic sex chromosomes are thought to have evolved from a pair of homologous chromosomes by the suppression of crossing-over and by subsequent loss of gene activity on the Y (Muller 19 14; Charlesworth 1978; Rice 1987) . This is consistent with the low number of genes that have been mapped to the Y. To date, only four coding sequences have been characterized from the nonrecombining portion of the Y in mice: Zfv-1 and Zfy-2 (Nagamine et al. 1989), Sry (Gubbay et al. 1990) , and Ubely (Mitchell et al. 199 1) . Several phenotypic traits have also been mapped to the Y (Lyon and Kirby 1992); however, it remains unclear whether these can be accounted for by the genes already described. It appears reasonable to think that the total number of genes eventually identified on the Y will be small; consequently there may be relatively few potential targets of selection. Moreover, the genes that are present may, like Sry, be essential regulatory genes and not likely candidates for frequent adaptive substitutions.
Our results can be contrasted with the findings in Drosophila, where every gene in a region of low recombination appears to have reduced variability. In particular, Berry et al. ( 199 1) observed low variability (but typical levels of divergence) on the small fourth chromosome of Drosophila. This chromosome represents about 1% of the coding genome of D. melanogaster and is thought to contain approximately 75 major loci (Hochman 1976 ). Nonetheless, these few genes appear to present sufficient targets for selection so that genetic hitchhiking is detectable. The mouse Y chromosome, in contrast, may contain only one-tenth as many genes.
Is it possible to explain the absence of hitchhiking on the mouse Y chromosome as being simply a result of few targets for selection? This is a difficult question to answer, in light of our limited knowledge of both the
